hydA and hydB, the genes encoding the large (46-kDa) and small (13.5-kDa) subunits of the periplasmic [Fe] hydrogenase from Desulfovibrio desulfuricans ATCC 7757, have been cloned and sequenced. The deduced amino acid sequence of the genes product showed complete identity to the sequence of the well-characterized [Fe] hydrogenase from the closely related species Desulfovibrio vulgaris Hildenborough (G. Voordouw and S. Brenner, Eur. J. Biochem. 148: [515][516][517][518][519][520] 1985). The data show that in addition to the well-known signal peptide preceding the NH 2 terminus of the mature small subunit, the large subunit undergoes a carboxy-terminal processing involving the cleavage of a peptide of 24 residues, in agreement with the recently reported data on the three-dimensional structure of the enzyme (Y. Nicolet, C. Piras, P. Legrand, E. C. Hatchikian, and J. C. Fontecilla-Camps, Structure 7:13-23, 1999). We suggest that this C-terminal processing is involved in the export of the protein to the periplasm.
Two main groups of hydrogenase are present in sulfatereducing bacteria of the genus Desulfovibrio, one containing either nickel or nickel and selenium atoms in addition to ironsulfur clusters ([NiFe] hydrogenases and [NiFeSe] hydrogenases) and one, of higher activity, containing exclusively ironsulfur clusters ([Fe] hydrogenases) (8) . The widespread nickelcontaining hydrogenases have been intensively studied (2, 24) , and the crystal structure of the [NiFe] hydrogenase of two Desulfovibrio species was determined (14, 34, 35) . In contrast, [Fe] hydrogenases form a small family of proteins isolated exclusively from anaerobic microorganisms (1) . Both types of hydrogenase from Desulfovibrio species are heterodimers, which differ in their metal center composition, amino acid sequences, mechanistic properties, sensitivity to inhibitors, and immunological properties (1, 2, 8, 40) . They are usually located in the periplasmic space, where they play a major role in the energy metabolism of these microorganisms (19, 21, 32) . The mature small subunits of the two types of hydrogenase are preceded by a complex NH 2 -terminal sequence (34 amino acid residues for the [Fe] hydrogenase and 50 amino acid residues for the [NiFe] hydrogenase), while the large subunits lack an NH 2 -terminal signal peptide (39, 40) . All potential signal sequences from periplasmic hydrogenases contain a unique strictly conserved element (R-R-X-F-X-K), suggesting that these enzymes are exported to the periplasm via an unusual mechanism of membrane translocation (33, 39) . In addition to the NH 2 -terminal signal peptide of the small subunit, it was shown that the large subunit of [NiFe] hydrogenase undergoes a C-terminal processing associated with the incorporation of nickel in the protein, as reported first for the Azotobacter vinelandii (9) and Escherichia coli (27) enzymes.
The periplasmic [Fe] hydrogenase of Desulfovibrio desulfuricans ATCC 7757, which has previously been characterized, exhibited a molecular mass of 53.5 kDa and comprises two different subunits of 42.5 and 11 kDa (13) . Electron paramagnetic resonance studies allowed the identification of two ferredoxin-type [4Fe-4S] 1ϩ clusters and one atypical cluster (H cluster) involved in H 2 activation and proposed to be a [6Fe-6S]-type cluster (13) . The molecular properties, N-terminal amino acid sequences of both subunits, electron paramagnetic resonance spectroscopy, and catalytic properties of the D. desulfuricans ATCC 7757 periplasmic [Fe] hydrogenase are highly similar to those of the well-characterized [Fe] hydrogenase from Desulfovibrio vulgaris Hildenborough (11, 12, 22, 23, 37) .
Although it was not clear from the sequence how [Fe] hydrogenase is exported to the periplasm, since the large subunit lacks a leader sequence, it was proposed that a single signal peptide containing the double-arginine motif operates in the export of both subunits (3, 20, 40) . The determination of the three-dimensional structure of D. desulfuricans [Fe] hydrogenase has shown very recently (18) that the chain tracing of the large subunit in the electron density map could not be extended beyond Ala397, which is 24 amino acid residues from the C-terminal Ala 421 as determined by gene sequencing. In the present study, we determined the nucleotide sequence of the genes encoding the hydrogenase from D. desulfuricans ATCC 7757 and showed on the basis of accurate determination of the molecular mass of its large subunit by mass spectrometry and from its C-terminal amino acid sequence that it lacks a region of 24 C-terminal amino acids encoded by the gene for the large subunit.
Nucleotide sequence of the [Fe] hydrogenase genes from D. desulfuricans ATCC 7757. D. desulfuricans ATCC 7757 was grown at 37°C in a basic lactate-sulfate medium (29) . Two sets of degenerate oligonucleotides based on the amino acid sequence of the N-terminal regions of the large and small subunits of D. desulfuricans [Fe] hydrogenase (13) were synthesized: DOP1 (5Ј ATH GAR TAY GAR ATG CAY AC 3Ј) and DOP2 (5Ј CAT RTA RTC YTT DAT YTG YTT 3Ј). PCR amplification was performed as previously reported (15) . Agarose gel electrophoresis showed a unique amplification PCR product of about 1,400 bp. PCR products to be sequenced were directly cloned in the phagemid MOSblue system from Amer-sham (15 [Fe] hydrogenase genes. PCR was performed directly on chromosomal DNA by using these two facing oligonucleotides. A unique amplification PCR product of about 2,000 bp was directly sequenced as described above. The complete nucleotide sequence coding for the [Fe] hydrogenase from D. desulfuricans ATCC 7757 has been checked by sequencing of the PCR product on both strands by using primer Fe 3 (5Ј ACC TCG TGC TGC CCC GGC TGG 3Ј) for downstream sequencing and primer Fe 4 (5Ј CCA GCC GGG GCA GCA CGA GGT 3Ј) for upstream sequencing (Fig. 1) .
Analysis of the nucleotide sequence shows the presence of two contiguous genes, hydA and hydB ( The hydA nucleotide sequence encodes a polypeptide of 420 amino acids with a calculated molecular mass of 45,820 Da, and the hydB gene encodes a polypeptide of 122 amino acids with a calculated molecular mass of 13,493 Da, excluding the N-formylmethionine. The amino acid sequence of the N-terminal extremity of the small subunit of D. desulfuricans [Fe] hydrogenase lacks a peptide of 34 amino acids encoded by the gene for the small subunit (13) , indicating that the N-terminal alanine residue of the mature small subunit (calculated molecular mass, 10,135 Da) is preceded by a potential signal sequence. This N-terminal signal peptide contains the conserved feature (RRXFXK) reported for other Desulfovibrio species [Fe] hydrogenases (40) .
When the nucleotide sequence of the genes encoding the [Fe] hydrogenase from D. desulfuricans ATCC 7757 was compared with that of the well-characterized hydrogenase from D. vulgaris Hildenborough (37), only 14 of 1,649 nucleotides were found to be different, indicating that the two strains are closely related, in agreement with the data based on the analysis of 16S rRNA (6) . Furthermore, these differences always affect the third letter of the codons, leading to total identity between both pairs of amino acid sequences (37) (see below). As reported for D. vulgaris Hildenborough [Fe] hydrogenase, the three iron-sulfur clusters known to be present in D. desulfuricans ATCC 7757 [Fe] hydrogenase (13) must all coordinate to large-subunit cysteine residues, since the mature small subunit lacks cysteine.
Mass spectrometric data. [Fe] hydrogenase from D. desulfuricans ATCC 7757 was purified and S-carboxymethylated hydrogenase was prepared as described previously (13) . In this study, matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was used to measure the masses of the subunits of [Fe] 
The measured mass from the singly charged ion of the Scarboxymethylated small subunit was found to be 10,133.4 Da (Fig. 2) , in excellent agreement with the value of 10,135 Da expected from the predicted amino acid sequence of the mature small subunit. The mass spectrum also displays the doubly charged ion of the small subunit, corresponding to a mass of 5,068.3 Da. When measurements were made on native [Fe] hydrogenase (data not shown), the value for the small subunit (10,133.7 Da) was found to be identical to that obtained with the small subunit of the S-carboxymethylated hydrogenase, in agreement with the lack of cysteine residues and iron-sulfur clusters in this subunit. The measured mass for the singly charged ion of the S-carboxymethylated large subunit of D. desulfuricans [Fe] hydrogenase was found to be 44,194 Da (Fig.  2) . The MALDI-TOF spectrum showed two other charged species related to [MϩH] 2ϩ and [2MϩH] ϩ ions, with corresponding masses of 22,107 and 88,558 Da, respectively. The mass of the large-subunit apoprotein of [Fe] hydrogenase can be deduced from the mass of the S-carboxymethylated large subunit, taking account of the presence of 18 alkylated cysteine residues within the protein. A mass of 43,149 Da is then obtained for the large subunit by subtracting the mass of 18 -CH 2 -COOH alkyl groups, each with a calculated mass of 59 Da, and adding the mass of 18 H atoms.
MALDI-TOF mass spectrometry measurements made on native [Fe] hydrogenase yielded a mass of 43,316 Da for the large subunit (data not shown), a value which is slightly higher than that obtained for the large-subunit apoprotein (43,149 Da). This higher molecular mass could arise from intermediate protein species which appear during decomposition of the iron-sulfur clusters bound to the native large subunit. Mass spectrometric analyses on [Fe] hydrogenase from D. desulfuricans ATCC 7757 indicated that the measured molecular mass of the large-subunit apoprotein (43,149 Da) was smaller than the expected molecular mass based on the gene-deduced amino acid sequence (45,820 Da). The difference (2,671 Da) suggests the occurrence of carboxy-terminal processing of a precursor form of the large subunit, since previous studies have shown that the native large subunit lacks an N-terminal signal sequence (13) . This amino acid sequence differs from the C-terminal sequence encoded by the gene for the large subunit (-Ser-AlaAsn-Lys-Ala421) (Fig. 1) . The data demonstrated that the carboxyl end of the mature large subunit was 24 amino acids shorter than the amino acid sequence deduced from the gene and that the C-terminal cleavage occurred after Ala397 (Fig.  3) . It follows that the large subunit of [Fe] hydrogenase from D. desulfuricans ATCC 7757 is synthesized as a larger precursor protein from which the mature large subunit is derived by proteolytic cleavage of a C-terminal peptide. Hence, the mature large subunit is 2,668 Da smaller than the precursor form of the protein (45,820 Da) calculated from the gene-deduced amino acid sequence. This gives a value of 43,152 Da, in good agreement with the molecular mass measured by mass spectrometry for the mature large subunit (43,149 Da).
The precursor C-terminal sequence of the D. desulfuricans [Fe] hydrogenase large subunit is highly basic and exhibits a high percentage of hydrophobic (alanine and leucine) and hydroxylated amino acids (Fig. 3) . These properties are shared by mitochondrial targeting NH 2 -terminal sequences, which display, in contrast to the precursor C-terminal sequence, a regular spacing of the positive charges, allowing the formation of an amphiphilic helix (26, 36) . Based on these data and a comparative analysis of the gene sequences of the large subunits of other dimeric [Fe] hydrogenases from Desulfovibrio species which exhibit a high degree of similarity (Fig. 3) , it can be postulated that the large subunits of these enzymes undergo C-terminal processing involving cleavage at a site analogous to Ala397 of D. desulfuricans ATCC 7757 hydrogenase (Fig. 3) . As with the NH 2 -terminal signal peptides of small subunits of [Fe] and [NiFe] hydrogenases (40) and cytochrome c 3 (15) , the peptidase cleavage site would occur after an alanine residue, except for the putative C-terminal peptide of Desulfovibrio fructosovorans [Fe] hydrogenase, which exhibits a cleavage site located after a serine residue (5) .
The significance of the C-terminal processing of the large subunit of [Fe] hydrogenase of Desulfovibrio species remains to be elucidated. It was demonstrated that carboxy-terminal processing of the large subunit of [NiFe] hydrogenases is associated with the incorporation of nickel into the protein, which is a prerequisite for translocation of the hydrogenase across the cytoplasmic membrane (25) . from Desulfovibrio species, it is likely that carboxy-terminal processing of the large subunit is not involved in the binding of the H cluster to the protein, since comparative analysis of gene sequence indicates that the monomeric [Fe] hydrogenases from clostridia which are correctly matured lack the corresponding sequence encoding the precursor C-terminal extension present in the large subunit of dimeric hydrogenases (10, 16) . Carboxy-terminal processing of precursor proteins destined to be exported to the periplasm or transported into organelles has been reported in a few cases (7, 17) . Several observations indicate that the COOH-terminal processing of the dimeric [Fe] hydrogenase large subunit could be involved in the export of the protein to the periplasm: (i) cytoplasmic monomeric [Fe] hydrogenases from clostridia lack the gene sequence coding for the C-terminal extension found in the precursor form of the large subunit of dimeric [Fe] hydrogenase; (ii) the large subunit, in contrast to the small subunit, lacks an NH 2 -terminal signal peptide; and (iii) the C-terminal extension has some characteristics in common with the import NH 2 -terminal signal sequences which target proteins to inner compartments of eukaryotic organelles such as the mitochondrial matrix (26, 30) .
The NH 2 -terminal sequences of the small subunits of periplasmic or membrane-bound [Fe] or [NiFe] hydrogenases possess a strictly conserved motif (RRXFXK). This class of particular signal sequences has been extended to twin-arginine signal peptides that are found on precursors of bacterial periplasmic proteins binding various types of redox cofactors (3) . Recently, a novel Sec-independent export system that may be used for the translocation of these folded proteins, including [NiFe] hydrogenase, has been identified in E. coli (4, 28) . However, this export system has not been shown to function for the translocation of [Fe] hydrogenase, since such an enzyme is not present in this bacterium. Since the catalytic subunits of [Fe] hydrogenases (binding the H cluster) and [NiFe] hydrogenases (binding the Ni-Fe cluster) lack an NH 2 -terminal signal sequence, it was notably postulated that the single signal peptide of the small subunit containing the double-arginine motif could mediate the export of both subunits to the periplasm (3, 40) . The data reported here indicate that the periplasmic [Fe] hydrogenase from Desulfovibrio species undergoes a C-terminal processing of its catalytic subunit, as is the case for [NiFe]-type hydrogenase. However, the biological significance of the two processes appears to be different: this processing is associated with the incorporation of nickel into the large subunit of [NiFe] hydrogenase, whereas it might be involved directly or indirectly in the export of the enzyme to the periplasm in the case of [Fe] hydrogenase.
